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Abstract. In-situ, quasi-continuous measurements of at-
mospheric hydrogen (H2) have been performed since Oc-
tober 2007 at the Cabauw tall tower station in the Nether-
lands. Mole fractions of H2, CO and several greenhouse
gases are determined simultaneously in air sampled succes-
sively at four heights, between 20 and 200 m above ground
level. 222Rn measurements are performed in air sampled at
20 and 200 m.
This H2 dataset represents the first in-situ, quasi-
continuous long-term measurement series of vertical profiles
of H2 in the lower continental boundary layer. Seasonal cy-
cles are present at all heights in both H2 and CO, and their
amplitude varies with the sampling height. The seasonality
is evident in both the “baseline” values and in the short term
(diurnal to synoptic time scales) variability, the latter being
significantly larger during winter.
The observed H2 short term signals and vertical gradients
are in many cases well correlated to other species, especially
to CO. On the other hand, H2 has at times a unique behaviour,
due to its particular distribution of sources and sinks.
Our estimation for the regional H2 soil uptake flux, using
the radon tracer method, is (−1.89± 0.26)× 10−5 g/(m2 h),
significantly smaller than other recent results from Europe.
H2/CO ratios of the traffic emissions computed from our
data, with an average of 0.54± 0.07 mol:mol, are larger and
more variable than estimated in some of the previous studies
in Europe. This difference can be explained by a different
driving regime, due to the frequent traffic jams in the influ-
ence area of Cabauw. The H2/CO ratios of the large scale
pollution events have an average of 0.36± 0.05 mol:mol;
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these ratios were observed to slightly increase with sampling
height, possibly due to a stronger influence of soil uptake at
the lower sampling heights.
1 Introduction
Molecular hydrogen (H2) is an important constituent of the
atmosphere, with a global tropospheric average mole fraction
of about 530 parts per billion (ppb) (Novelli et al., 1999).
Still atmospheric H2 has until recently received less attention
than other atmospheric components like the ozone depleting
substances or the greenhouse gases.
Research on atmospheric H2 increased since hydrogen
started to be considered an important energy carrier for the
future. The need to reduce emissions of pollutants and of
the Kyoto regulated greenhouse gases supports the choice of
hydrogen as fuel, as the burning of hydrogen produces only
water. However, the total emissions of pollutants and green-
house gases associated with the usage of H2 depend on the
method of production (e.g. using traditional fossil fuel or re-
newable sources of energy) and can even be larger than the
emissions from direct use of fossil fuel.
Large scale usage of H2 as fuel will most probably lead
to increased H2 emissions from leakages during production,
transport and storage. On the other hand, the reduction of
fossil fuel usage will lead to a decrease of the H2 emissions
associated with fossil fuel burning. It is at this moment diffi-
cult to predict whether the combination of these two factors
will lead to a net increase or decrease of the total flux to the
atmosphere and what the effect will be on the atmospheric
budget of H2 (Prather, 2003; Schultz et al., 2003; Tromp et
al., 2003; Warwick et al., 2004). This difficulty arises partly
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from the fact that the atmospheric budget of H2 and the pro-
cesses affecting it are not well known.
Sources and sinks of atmospheric H2 are approximately
balanced in the present atmosphere. The different compo-
nents of the H2 budget have been estimated based on various
approaches, initially using up-scaling from emission studies
or related trace gases (e.g. CO), but recently also chemistry
transport models, inverse modeling, or the use of deuterium
component of H2 (Bousquet et al., 2011; Ehhalt and Rohrer,
2009; Hauglustaine and Ehhalt, 2002; Novelli et al., 1999;
Pieterse et al., 2011; Pison et al., 2009; Price et al., 2007;
Rhee et al., 2006; Sanderson et al., 2003; Xiao et al., 2007;
Yver et al., 2011).
Sources of atmospheric hydrogen are both natural and an-
thropogenic. Photochemical oxidation of methane and non-
methane hydrocarbons (NMHC) is estimated to constitute
about 50 % of the total H2 source. Emissions from fossil
fuel and biomass burning, both anthropogenic and natural,
account for about 40 %, while volcanoes, biogenic fixation
of N2 and oceans add up to about 10 %. The main sink of H2
is uptake by soil, estimated to account for 75 % of the total
removal of hydrogen from the atmosphere. About 25 % of
H2 is lost by reaction with OH radicals, which is the reason
that H2 affects the tropospheric chemistry. As CH4 is also
consumed by reaction with OH radicals, an increase in H2
would lead to a decrease in available OH radicals and thus
to an increase in CH4 lifetime, which makes H2 an indirect
greenhouse gas. All these global estimates have large un-
certainties, and there are still significant differences between
estimates based on different methods.
The global distribution of H2 reflects the distribution of its
main sink. Due to a larger land area, the mean mole fraction
in Northern Hemisphere (NH) is by about 15–30 ppb lower
than in the Southern Hemisphere (SH); within the NH, the
H2 mole fractions are on average larger in the tropics than
at higher latitudes (Khalil and Rasmussen, 1990; Novelli et
al., 1999; Price et al., 2007; Pieterse et al., 2011; Rice et al.,
2010; Simmonds et al., 2000). The few studies reporting ver-
tical distributions of H2 from flight measurements over the
northern mid-latitudes, as well as models (Price et al., 2007;
Schmidt, 1978; Pieterse et al., 2011) showed increases in H2
mole fractions with the increasing height, which is consistent
with the soil being the main sink of H2.
The mechanism of H2 uptake by soil is not yet fully un-
derstood. Microorganisms have been shown to consume H2
in certain conditions (e.g. Harris et al., 2007; King, 2003a,
b); nonetheless it is widely considered that extracellular en-
zymes are the main responsible for the H2 soil uptake (Con-
rad, 1995, 1996; Conrad and Seiler, 1981, 1985; Guo and
Conrad, 2008; Schuler and Conrad, 1991). The uptake of
H2 by soil is temperature dependent as expected from micro-
bial or enzymatic activity; however soil moisture was found
in most cases to be the main control on the H2 soil uptake,
with an optimum around 20–30 % water holding capacity
(whc) (Conrad and Seiler, 1981; Constant et al., 2008, 2009;
Go¨dde et al., 2000; Liebl and Seiler, 1976; Schmitt et al.,
2009; Schuler and Conrad, 1991; Smith-Downey et al., 2006;
Yonemura et al., 1999, 2000). At high soil moisture levels,
the pores are filled with water, which reduces the soil uptake
by limiting H2 diffusion; at very low soil moisture levels,
the H2 uptake is reduced due to a reduction in the enzymatic
activity (the latter situation is rarely met in field studies).
The large anthropogenic sources of H2 are like the sinks
located on land, thus largely in the NH. As the main an-
thropogenic sources of H2 and CO are similar, short term
increases in H2 and CO from local sources above the non-
contaminated background level are usually correlated. This
provides the possibility to estimate the anthropogenic H2
emissions, based on the better known CO fluxes (e.g. Novelli
et al., 1999). A series of recent studies in Europe showed
consistent results for the H2/CO ratio of traffic emissions,
of about 0.47 mol:mol (Hammer et al., 2009; Vollmer et al.,
2007; Yver et al., 2009). The emissions from other anthro-
pogenic sources are less well known and have potentially
a wider range of H2/CO ratios; moreover, due to the dif-
ferent effect of soil deposition on the two tracers, the inte-
grated atmospheric signal depends on the distance from the
source and is thus more difficult to interpret. Recent re-
ported H2/CO molar ratios for mixed anthropogenic emis-
sions range between 0.15–0.20 at Mace Head (Grant et al.,
2010b) and 0.3–0.4 at continental sites (Barnes et al., 2003;
Hammer et al., 2009; Steinbacher et al., 2007).
Atmospheric measurements of H2 were first made after
1950 (e.g. Glueckauf and Kitt, 1957; Schmidt, 1974; Scran-
ton et al., 1980). Later, measurements at multiple locations
around the globe allowed to estimate the global distribu-
tion of H2 (Khalil and Rasmussen, 1990; Langenfelds et al.,
2002; Novelli et al., 1999). Most of these measurements
took place at remote locations. Long term measurements
close to continental areas were first started at Mace Head,
Ireland (Grant et al., 2010b; Simmonds et al., 2000), Monte
Cimone, Italy (Bonasoni et al., 1997) and Harvard Forest,
Massachusetts (Barnes et al., 2003).
In recent years a series of studies focused on atmospheric
hydrogen in Europe, in particular on the H2 soil sink and
on emissions from anthropogenic sources, especially road
traffic (Aalto et al., 2009; Bond et al., 2010; Hammer and
Levin, 2009; Hammer et al., 2009; Lallo et al., 2008, 2009a,
b; Schmitt et al., 2009; Steinbacher et al., 2007; Vollmer et
al., 2007, 2010; Yver et al., 2009). Most of these studies
were made in the framework of the EU project EuroHydros
(2006–2009, Project no. 03916) which contributed to devel-
oping the measurement network in Europe and to establish-
ing a common calibration scale for H2 (Jordan and Steinberg,
2011).
We add to this expertise the results from a different mea-
surement station, the tall tower Cabauw, in the Nether-
lands, where H2 has been measured quasi-continuously since
September 2007. Cabauw is a 200 m research dedicated
tower and it is part of the European network of tall towers
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for greenhouse gas measurements that was set up in the
CHIOTTO project (Ref. No. EVK2-CT-2002-00163) and
continued in CarboEurope IP (Ref. No. GOCE-CT-2003-
505572). Since the 1990s, a new approach has been devel-
oped to measure greenhouse gases and additional tracers in
the continental boundary layer using tall towers. The ratio-
nale is to measure close to continental sources and sinks, and
from a sufficient height above ground that a signal which is
regional to continental can be observed. The usual strategy
is to measure air from several sampling heights, in order to
distinguish between signals from different influence areas.
Although 15–20 such tall atmospheric measurement towers
exist worldwide (9 of them in Europe), Cabauw is to our
knowledge the only tall tower performing continuous in-situ
H2 measurements.
This paper presents the first three years of H2 vertical
profiles measurements at Cabauw, constituting the first long
term measurement series of H2 vertical profiles in the lower
troposphere. We first describe the technical setup and the
quality check procedures and results. We illustrate the main
characteristics of the observed signals, including interesting
features of the vertical gradients. In the last part of the paper,
we investigate the soil sink fluxes in the area, and the H2/CO
ratios of typical pollution signals.
2 Methods
2.1 Site description
The measurement station Cabauw (station code: CBW) is a
213 m tall tower located in the centre of the Netherlands (Lat:
51◦58′ N, Long: 4◦55′ E, Alt: −2 m a.s.l.), which was specif-
ically built for meteorological research. The tower is owned
by KNMI (Royal Netherlands Meteorological Institute) and
hosts various collaborative measurements of meteorological
parameters, pollutants, aerosols, clouds and trace gases under
the name of CESAR (Cabauw Experimental Site for Atmo-
spheric Research).
The area surrounding Cabauw tower is dominated by
grassland and agricultural terrain, as can be seen in Fig. 1.
In the immediate vicinity of the tower the terrain is open
pasture. The North Sea is about 50 km to the WNW, and
important urban areas, like Utrecht, Rotterdam and Amster-
dam, are located within few tens of kilometres. The popula-
tion density in the area is relatively high, about 300/km2 in
the surrounding 10 km, and about 900/km2 in the surround-
ing 50 km. Besides high population density, the Netherlands
has also the most dense motorway network in the European
Union (57.5 km road per 1000 km2). The soil in the tower
surroundings consists of 0.6 m of river-clay, overlying a thick
layer of peat. The water table is about 1 m below the surface,
but can be higher during wet periods.
As shown by Henne et al. (2010) the influence area (foot-
print) of the Cabauw tower is much wider than of most con-
tinental stations, due in principle to the high wind speeds;
a detailed discussion on the representativity and footprint of
Cabauw can be found in Vermeulen et al. (2011).
Greenhouse gas measurements were first started at
Cabauw in 1992 as part of National Research Projects on
Climate Change (Vermeulen et al., 1999) and were extended
in 2004, within the EU-funded project CHIOTTO. The mea-
surement system in operation since 2004 was designed to
measure in-situ, quasi-continuously, mole fractions of CO2,
CH4, CO, N2O and SF6 in air sampled at four heights of the
tower (20, 60, 120 and 200 m). The setup includes a LiCor-
7000 non-dispersive infrared analyzer (NDIR) for CO2, and
an Agilent 6890N gas chromatograph (GC) with a flame ion-
ization detector (FID) and an electron capture detector (ECD)
for CH4, CO, N2O and SF6.
A reduction gas analyzer (RGA) for H2 measurements was
integrated into the existing measurement system in Septem-
ber 2007, additionally providing a second set of CO data.
The setup of the RGA measurement and the data acquired
during the first three years of operation constitute the subject
of this paper. The setup and results of the other measure-
ments at Cabauw are presented in Vermeulen et al. (2011).
Supporting 222Rn measurements are performed in air sam-
pled at two heights of the tower, 20 and 200 m. Measure-
ments of various meteorological parameters are provided by
KNMI (http://www.cesar-database.nl/).
2.2 Instrumental setup
A simplified diagram of the trace gas measurement system is
shown in Fig. 2. Atmospheric air is continuously drawn from
4 heights of the tower (20 m, 60 m, 120 m, 200 m a.g.l.) via
Dekabon® 12 mm OD tubing at a flow rate of 12–15 l/min.
Nafion™ membrane dryers (Perma Pure LLC) are installed
at the air intakes for a first drying stage. The measure-
ment laboratory is situated at the base of the tower. Here,
a 400 ml/min stream is separated from the air bulk (the rest is
flushed outside) and driven through custom made glass traps
immersed in a cryogenic bath where the air is dried to a dew-
point of about −50 ◦C (Neubert et al., 2004). The sample
air is further divided, one part being directed to the CO2 an-
alyzer (150 ml/min), and other (80 ml/min) to the GC and
RGA instruments which are installed in series.
H2 and CO are measured with an RGA-3 reduction gas
analyzer (Trace Analytical Inc.), using Helium as a carrier
gas. The sample loop has a volume of 5 ml and it is tem-
perature stabilized. The sample air is first separated inside a
Molsieve-5A packed chromatographic column maintained at
110 ◦C. The sample is then carried over a heated bed of mer-
curic oxide (HgO), where the reducing compounds CO and
H2 react with the HgO. The reaction results mercury vapour,
which is detected by UV absorption, and the signal is pro-
portional to the H2 or CO concentration in the sample air.
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Fig. 1. Corine land cover 2000 (CLC2000) map around the Cabauw tall tower station. The star shows the location of the Cabauw tower.
The daily calibration is made using a set of four aluminium
high pressure cylinders (Luxfer model P2806Z, volume 50 l,
maximum working pressure 200 bar) with Rotarex-Ceodeux
valves (model D20030163, brass, with PCTFE seat) and
Scott regulators (model 51-14C, high purity, two stages, Ni
platted brass, SS diaphragm). The cylinders have been filled
with atmospheric air and calibrated at the Max Planck In-
stitute for Biogeochemistry Jena, Germany (MPI-BGC). The
assigned H2 values have been updated to the new hydrogen
calibration scale MPI-2009 (Jordan and Steinberg, 2011),
and the CO values are linked to NOAA 2000 scale.
The initial set of calibration cylinders had a H2 mole
fraction range between 146 ppb and 540 ppb, covering only
partly the range of atmospheric variability (as it will be seen
in Sect. 4.1). A new calibration gas with a H2 mole fraction
of about 845 ppb was brought in use in August 2009, and the
remaining three calibration gases were replaced by new ones
in April 2010; the present calibration scale covers the range
320–845 ppb.
The system includes four additional high pressure cylin-
ders filled at ECN laboratory with normal atmospheric air
(T1. . . T4 in Fig. 2). Only two of these cylinders (T3 and
T4) are dedicated to the GC and RGA measurement. These
two cylinders are measured half-hourly and their use is as
follows. One of them (either T3 or T4) is used during the
calculation of the mole fractions, to correct for variations of
instrument sensitivity; this cylinder is referred to as “Work-
ing Tank”, or WT. The remaining cylinder is not involved
in the calculation of mole fractions, but used as independent
means for quality check. This cylinder is referred to as “Tar-
get Tank”, or TT.
Gas selection
CO2
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GC
Air
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Target
selection
Calibration
selection
Tower
inlets
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Drying
system
CO2
analyzer
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CAL1
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Fig. 2. Principle (simplified) scheme of the trace gases measure-
ment system at Cabauw.
The same sample (air or gas) is measured by the three
analyzers (CO2 analyzer, GC and RGA). One measurement
takes 5 min, dictated by the duration of the GC analysis. Dur-
ing the default measurement sequence, the atmospheric air
from the four heights of the tower is measured successively,
followed by two cylinder measurements (T3 and T4). In this
way a vertical profile is determined every half hour. The daily
calibration sequence consists of measuring once each of the
four calibration gases, also followed by the two cylinders T3
and T4. This way a calibration curve is recorded for one half
hour each day.
222Rn is measured in air sampled via dedicated inlet
lines at two heights of the tower, 20 and 200 m, by two
independent dual flow loop, two-filter radon instruments,
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designed and constructed at the Australian Nuclear Science
and Technology Organisation (ANSTO) (Whittlestone and
Zahorowski, 1998). The inlet flow rate is 80 l/min; each
detector has a delay volume of 1500 l. From each height
there is one data point every half hour, with the exception
of few hours per month when the calibration is performed.
The lower limit of detection, defined as the radon concen-
tration corresponding to a relative counting error of 30 % for
a one hour count, is equal to or less than 30 mBq/m3. Cal-
ibrations of the radon detectors are performed monthly by
injecting known amounts of radon into the inlet air stream
from a calibrated radon source (Model 2000A, Pylon Elec-
tronics Inc., Canada). Calibration accuracy of the source is
±4 % at a 1-σ confidence level. For concentrations higher
than 700 mBq/m3 the overall uncertainly is predominantly
attributed to the accuracy of the source.
2.3 Software
The RGA data are transferred at a frequency of 50 Hz to
a PC equipped with PeakSimple™ chromatography soft-
ware (SRI Instruments). PeakSimple™ performs the inte-
gration of the chromatographic peaks of interest according
to a user-defined method, and creates reports containing the
area, height and retention time of the peaks.
A custom-made Delphi software controls the overall mea-
surement sequence and receives the data from the PeakSim-
ple reports and from the other instruments. The Delphi soft-
ware calculates the calibration parameters and the real-time
mole fractions and writes data at different processing levels
(raw and calibrated) into an Access database. Additional di-
agnostic parameters from various sensors (flows, pressures,
temperatures) are registered for posterior data processing and
quality check.
2.4 Data processing and quality control
A first quality check and flagging is performed on the raw
data. Diagnostic parameters recorded in parallel with the
signals from analyzer (flows, temperatures), and other infor-
mation registered by operators (e.g. maintenance), are used
to recognize the time intervals when the system did not per-
form well. The corresponding raw data are flagged as “bad”
and will not be used further.
Next step is to compute the ratio between each measure-
ment (peak area or height) and a “reference” measurement.
We use as reference the interpolated value of the filtered (3-σ
outliers removed) WT measurements. The ratios computed
in this way are used for further calculation of mole fractions.
The main purpose of this method is to correct for short and
medium term variations of instrument sensitivity, due to for
example variations of atmospheric pressure or room temper-
ature. For both H2 and CO, peak height has proven so far
to give better results in terms of precision, especially during
periods when the measurement was less stable.
The regular calibration consists in measuring the four cal-
ibration gases in a row. Calibration parameters are computed
as a two degree least squares fit for each calibration. The
calibration results are quality checked, and the ones consid-
ered bad are not used further. Next, a set of “virtual” cali-
bration parameters are calculated for each point of the mea-
surement time series, as a time-weighted moving average of
all the good calibrations comprised into a time interval of 50
days around. These virtual calibration parameters are used
for the calibration of the previously calculated ratios, in or-
der to obtain the final mole fraction results.
3 Data coverage and quality
3.1 Coverage
The RGA measurements have been running without major
interruptions since the end of September 2007. The number
of existing data is about 94 % from the total possible num-
ber of data points, and about 91 % of the data obtained were
considered good after the final quality check.
A leak affected intermittently the measurement from the
200 m sampling line for extended periods of time; the cor-
responding data have been identified and flagged as bad.
Throughout this paper we therefore show data from the
200 m height for limited time intervals, but, in order to pre-
vent biases due to different data coverage, we do not include
data from this sampling height when describing general (av-
erage) features like seasonal cycles or diurnal cycles.
3.2 Precision
The long term repeatability of the Target measurement is a
good estimator of the average analytical precision. The av-
erage precision of the RGA measurement at Cabauw, ex-
pressed as one standard deviation of all the Target results
(over the whole measurement series), is about 3.5 ppb for
both H2 and CO. If we look at shorter time periods of days
to weeks, the standard deviation of the Target results is typ-
ically 1.5 ppb for CO and 1.5 to 3 ppb for H2. These latter
values are the ones we will use throughout the rest of this
paper when looking at short term signals.
3.3 Accuracy
High pressure cylinders are used in the atmospheric mea-
surement community for inter-comparisons between differ-
ent laboratories and field stations. We performed several in-
tercomparison exercises with the MPI-BGC laboratory, using
sets of three or four “travelling” cylinders within the projects
CarboEurope IP (www.cucumbers.uea.ac.uk) and Eurohy-
dros. The cylinders’ mole fractions were in the approximate
range of 450–650 ppb for H2 and 100–400 ppb for CO.
For H2, the average difference between the results at
Cabauw and the MPI-BGC values was −0.9± 2.3 ppb, from
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a total of 13 cylinders measured during 2008–2009. The av-
erage difference is not statistically significant, and the stan-
dard deviation is close to our typical precision. For CO, on
the other hand, we found a statistically significant difference
of 6.5± 2.7 ppb between Cabauw and MPI-BGC results. We
could not detect so far a dependence of the differences be-
tween our results and MPI-BGC on the mole fractions for
either H2 or CO. Also, no time evolution of these differences
was found, which is particularly important, as the intercom-
parison exercises took place before and after replacing one
of the calibration gases in August 2009.
The intercomparison results demonstrated the accuracy of
our H2 calibration scale, but also helped to detect a system-
atic error between our results and the MPI-BGC ones, which
is probably due to a shift in our CO calibration scale. Further
investigation is necessary in order to document and eventu-
ally correct this problem, and intercomparison activities will
be continued as an on-going verification.
4 Results and discussion
4.1 Data overview
Figure 3 shows the time series of H2 and CO measured in air
sampled at 20, 60 and 120 m above ground at Cabauw tall
tower, since the start of measurements in September 2007
until October 2010. The measurement from the highest sam-
pling height was not included here for the reasons explained
in Sect. 3.1.
Both species show relatively high variability, due to the
proximity of various sources and sinks. For H2, the ampli-
tude of the short term variations is typically on the order of
100 ppb during summer and 200 ppb during winter, but larger
signals (500–600 ppb amplitude) can also be observed during
winter. The variability of CO is strongly seasonal, primarily
reflecting the large seasonality of the main CO sink – the
reaction with the OH radicals, but also the seasonality of at-
mospheric mixing. The typical amplitude of the CO signals
ranges from 100–200 ppb during summer to 300–500 ppb,
with occasionally larger pollution events during winter.
4.2 Seasonal cycles of H2 and CO
Seasonal cycles in both the “baseline” and the variability
of H2 and CO mole fractions are evident in Fig. 3. In or-
der to describe the seasonal variations quantitatively, the 3-
harmonics function shown below was fitted separately to the
data from each sampling height by a linear least squares
method.
f (x)= a0+
3∑
n=1
(
bnsin
(
2pi
365
nx
)
+cncos
(
2pi
365
nx
))
(1)
Because of the shortness of this data series, combined with
large short term variability, it is not technically feasible to
estimate an inter-annual trend. For that reason a linear com-
ponent was not included in the function above.
The seasonal curves for H2 and CO are shown in Fig. 4
in different colours for three sampling levels (20, 60 and
120 m); the data from the 200 m sampling height were not
included for the reason explained in Sect. 3.1. For visual
reference, we also show the time series from the 120 m sam-
pling level. The dashed black lines show the seasonal varia-
tion of the “baselines”; these were computed from the 120 m
level data by fitting the same seasonal function to the 5th
percentile of the weekly afternoon data for H2, and to the 3rd
percentile of the monthly afternoon data for CO.
The general appearance of the seasonal curves of H2 and
CO is quite similar during winter and spring months, and
becomes very different during summer. The mole fractions
of both H2 and CO increase sharply starting from October,
until they reach the absolute maximum in January. They
sharply decrease to an inflexion point in March, and after that
is a steady period in April–May. Starting from May the two
species have different behaviour. CO decreases sharply un-
til it reaches the absolute minimum in July. H2 has a slower
decrease, and the minimum is reached three months later in
October, while CO values are increasing again after the sea-
sonal minimum. Nevertheless, the CO mole fractions seem
to reflect somewhat the H2 minimum in October, having an
inflexion point around that time.
Similar to our results, Steinbacher et al. (2007) found a H2
seasonal cycle with a maximum in winter, using data from
another polluted continental site (Du¨bendorf, Switzerland).
On the other hand, the H2 seasonal cycles in background air
masses at similar latitudes were shown to have the maximum
later, in spring (e.g. Barnes et al., 2003; Bond et al., 2011;
Ehhalt and Rohrer, 2009; Grant et al., 2010b; Novelli et al.,
1999; Simmonds et al., 2000). If we look at the “baseline”
curve in Fig. 4, we find the maximum in April, similar to the
results from background stations.
There are three main factors contributing to the result-
ing H2 seasonal cycle: the uptake by soil, the source from
OH oxidation of hydrocarbons, and atmospheric circulation
and vertical mixing; besides these, anthropogenic emissions
are also weakly seasonal. During summer, the soil uptake
dominates the net flux at this latitude (even if the local flux
is small, see below), resulting in the autumn minimum ob-
served at all stations. The spring maximum at background
stations is due to accumulation over winter, when the soil
sink is weak. At continental polluted sites like Cabauw and
Du¨bendorf, in the presence of large emissions, the decrease
in atmospheric mixing leads to large excursions in the mole
fractions during winter, which in turn result in a shift of the
maximum of the seasonal cycle towards this period; the ef-
fect is visible in the CO seasonal cycles as well. This explains
the difference in the timing of maximum between continental
and background stations, and between the average and “base-
line” seasonal cycles at Cabauw and Du¨bendorf.
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Fig. 3. Time series of H2 and CO from three sampling heights. Different sampling heights are shown in different colours.
Fig. 4. Seasonal cycles of H2 and CO at three sampling heights (colour lines) and the baseline at 120 m (black dashed line). Grey dots are
the measurement series from 120 m sampling level.
The peak to peak amplitude of the H2 seasonal cycle is
slightly decreasing from about 47 ppb at the 20 m sampling
height, to about 42 ppb at the 120 m sampling height. The CO
seasonal cycle has the amplitude of about 186 ppb at 20 m
sampling height, decreasing to about 148 ppb at 120 m sam-
pling height. Larger seasonal amplitudes at the lower sam-
pling heights are due to the proximity of sources and sinks
that largely modulate the seasonal variations. The peak to
peak amplitudes of the “baseline” curves are about 43 ppb
for H2 and 65 ppb for CO, similar to the results of Grant
et al. (2010b) for background air masses, obtained from the
long term record at Mace Head, Ireland. We note however
that the computed peak to peak amplitudes depend on the
chosen data processing method; this should be taken into ac-
count when comparing these results with other studies.
4.3 Short term signals and vertical gradients
Characteristic short term signals and vertical gradients of var-
ious trace gases measured from tall towers have been de-
scribed in the literature (e.g. Bakwin and Tans, 1995; Hurst
et al., 1997). However not much information exists regarding
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Fig. 5. Examples of H2 and CO signals. (a) Evening and morning peaks during rush hours, and night time accumulation. (b) Large scale
pollution event. (c) Pollution events detected at the highest sampling altitude (highlighted). (d) H2 data from 20 and 60 m show night time
depletion due to uptake by soil, while 222Rn, continuously emitted by soil, is accumulating in the stable boundary layer. (e) Reversed H2
gradient (highlighted).
the H2 vertical gradients in the boundary layer. Several air-
craft and balloon measurements have been reported (Cofer et
al., 1986; Ehhalt et al., 1977; Fabian et al., 1979; Price et
al., 2007; Schmidt, 1978; Seiler et al., 1978) but these are
usually at higher altitudes, where the signals due to ground
sources and sinks are smoothed out.
On short time scales, the variability of atmospheric con-
centrations is controlled by atmospheric circulation and ver-
tical mixing, and by variations in source and sink fluxes in
the influence area. The observed H2 variations share some
features with the other gas species, as they are affected by
the same atmospheric transport and vertical mixing. Also,
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Fig. 6. Vertical profiles of H2 (top) and CO (bottom) for various atmospheric situations. Except for plots (c), vertical profiles before (blue)
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highest sampling altitude (22 February 2008, see also Fig. 5c). (c) H2 reverse gradient (27 March 2009, see also Fig. 5e). (d) Night time soil
uptake of H2 (21 May 2009, see also Fig. 5d).
the main H2 sources in this region are anthropogenic, being
common with other gas species, especially with CO.
However, unlike other trace species (e.g. CO, CH4) that
have sources near ground and sinks higher in the atmosphere,
H2 has both the main source (anthropogenic emissions) and
the main sink (uptake by soil) in the lowest part of the tro-
posphere. Species like CO and CH4 show usually vertical
gradients with higher mole fractions and higher variability
near ground. In contrast, the vertical gradient of H2 depends
on the actual balance of sources and sinks near ground, and
on the input from the higher atmosphere.
This section discusses different types of short term vari-
ations in H2 mole fractions observed at Cabauw, and the
corresponding vertical gradients. Figure 5 shows several se-
lections of H2, CO and 222Rn data from different sampling
heights, featuring typical short term signals. Figure 6 shows
examples of vertical gradients corresponding to some com-
mon situations.
4.3.1 Local pollution signals
The most frequently observed variations in H2 mole fractions
are due to emissions from local or regional surface sources.
These are seen as increases in mole fractions at the lowest
sampling heights, and are largest during stable atmospheric
conditions. Depending on the intensity of vertical mixing,
the signal is sometimes transported, delayed and attenuated,
to the higher sampling levels. In most cases a good correla-
tion between H2 and CO mole fractions shows that the excess
H2 is of anthropogenic origin. (The correlation between H2
and CO will be discussed in more detail in Sects. 4.6 and
4.7). Such pollution events last typically for a few hours but
some situations have been observed when the accumulation
of emissions lasted for several days.
An increase in mole fractions near ground can be driven
by an increase in emissions, a decrease in atmospheric mix-
ing, or a combination of the two. For example, we observe at
Cabauw increases in H2 and CO mole fractions during morn-
ing and evening traffic rush hours due to increase in emis-
sions, as can be seen in Fig. 5a, for the evening of 20 March
2009 and the morning of 21 March 2009. On the other hand,
during stable nights, the mole fractions increase near ground
due to a decrease in vertical mixing, although the emissions
typically decrease during night. Night time accumulations
can be observed in Fig. 5a, during the nights of 18–19 March
and 20–21 March 2009. Figure 5b shows a situation when an
accumulation of trace gases lasted for several days, during an
atmospheric blocking in the region.
4.3.2 Pollution events detected at the highest
sampling altitude
A type of signal that is unusual for the other gas species is
occasionally observed for H2, that is, a sudden large increase
in H2 mole fraction at highest sampling levels (Fig. 5c). This
increase is sometimes (but not always), transmitted towards
the lower sampling levels. The H2 signal can be mirrored
by a correlated CO signal, but often during such events CO
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mole fraction shows none or a smaller increase, and no simi-
lar large signals are observed in any of the other trace species
measured. The origin of these signals is unclear, but we sus-
pect emissions from a tall industrial chimney in the region or
low flying airplanes. The sharpness and amplitude of these
signals show that the source cannot be very far.
4.3.3 Local soil sink signature
Uptake by soil represents one of the largest H2 fluxes over the
continental areas. It is therefore expectable that soil uptake
would influence the mole fractions and the vertical gradients
measured at a continental site. Previous studies (e.g. Ham-
mer and Levin, 2009; Yver et al., 2009) reported decreases
of H2 mixing ratios near ground, which were attributed to
soil uptake during night time stable atmospheric conditions.
In such cases, the CO mole fractions measured in parallel
show no significant decrease, and the 222Rn increases due to
accumulation from the soil efflux.
At Cabauw we observe similar soil uptake signals, i.e.
night time H2 depletion at lowest sampling heights, but more
seldom than at other continental stations. This is because the
local and regional anthropogenic emissions are large and of-
ten dominate the net flux, and because the atmospheric mix-
ing conditions in the Netherlands tends to be less stable than
at more continental locations. However, even when an ab-
solute decrease in H2 mole fraction is not very evident, we
often observe a relative depletion in H2 at low sampling lev-
els compared to the high sampling levels, as can be seen in
Fig. 5d.
4.3.4 Reversed H2 vertical gradients (H2 increase with
sampling height)
Besides the night time local soil uptake signals, we observe
another interesting feature in the H2 vertical profiles, as ex-
emplified in Fig. 5e. Under certain atmospheric conditions,
usually when the air column is relatively well mixed and not
very polluted, H2 has a small and relatively constant verti-
cal gradient with higher mole fractions at higher sampling
heights; the difference between the highest and the lowest
sampling heights is usually of 5–10 ppb. During such inter-
vals, the 222Rn has a small opposite gradient, with higher
values at 20 m. The other species measured either show no
gradient, or a small gradient with higher values near ground,
similarly to 222Rn.
We initially suspected a contamination with room air, as
the room air has usually a high H2 concentration due to a
continuously operating H2 generator. However the H2 gen-
erator was stopped during two periods in 2009, between 17
March and 22 April, and between 17 June and 2 September.
During these intervals, when a contamination could not be
the cause, the systematic difference between the 200 m and
the other sampling levels persisted, as shown in Fig. 5e.
There are no similar measurements in the lowest few hun-
dred meters of the troposphere to compare our results with.
Some of the few reported aircraft observations made at mid-
dle to high northern latitudes found an increase of H2 with
altitude, with a maximal vertical gradient in summer-fall
(Cofer et al., 1986; Price et al., 2007; Schmidt, 1978). Mod-
eling studies (Hauglustaine and Ehhalt, 2002; Pieterse et al.,
2011) predicted large vertical gradients at these latitudes as
well, with strong H2 depletion towards surface during sum-
mer. These however do not cover the lowest part of the plan-
etary boundary layer with high resolution. Our dataset does
not show any clear evidence of seasonality in the H2 vertical
profiles.
We interpret these systematic vertical gradients as possibly
due to a large scale influence of soil uptake at this latitude.
4.3.5 Vertical gradients summary
Figure 6 summarizes the vertical profiles of H2 and CO,
as observed at Cabauw for the typical situations described
above. Plots 6a show the correlated increase in H2 (top)
and CO (bottom) before and during a local pollution situa-
tion with near-ground accumulation for both species (night
of 18–19 March 2009, see also Fig. 5a). Plots 6b show the
CO and H2 vertical profiles before and during a pollution
event at the highest sampling level for H2, when CO did not
follow a similar evolution (see also Fig. 5c). Plots 6c show
the CO and H2 gradient during a situation of “reversed H2
gradient” (27 March 2009, see also Fig. 5e). Finally, plots 6d
show the evolution of CO and H2 vertical profiles during the
night of 21 May 2009, when CO was slowly accumulating,
while H2 was depleted near ground due to local soil uptake,
resulting in a relatively large H2 vertical gradient (see also
Fig. 5d).
In summary, the observations at Cabauw show that the
H2 mole fractions and vertical gradients in the continental
boundary layer are highly variable over short time intervals,
due to overlapping influences of soil sink, emissions from
anthropogenic sources and atmospheric transport and verti-
cal mixing. Thus high frequency atmospheric observations
made at different sampling heights are necessary for obtain-
ing a representative picture.
4.4 Diurnal cycles
The average diurnal cycles of H2, CO and 222Rn, calculated
separately for weekdays, Saturdays and Sundays are shown
in Fig. 7. Diurnal cycles of atmospheric constituents are due
to both the periodicity of fluxes, and the periodicity of the at-
mospheric circulation, especially of the vertical mixing. The
222Rn plots in Fig. 7 help to distinguish between these two
influences on the H2 and CO diurnal cycles, as we expect
that the average 222Rn concentration depends mainly on the
atmospheric vertical mixing.
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Fig. 7. Average diurnal cycles of H2, CO and 222Rn, for week-
days, Saturdays and Sundays. Each data point is the trimmed av-
erage (discarding the 10 % lowest and highest values) of a 2-hourly
bin. The data between 03:00 and 04:00 were excluded, because the
daily calibration took place mostly during this interval, thus the re-
sults were possibly biased. For H2 and CO, the data from the 200 m
height are not shown for the reason explained in Sect. 3. The error
bars are standard errors of the means corresponding to 67 % confi-
dence intervals.
On the diurnal scale, the variability of CO and H2 is dom-
inated by large mole fraction increases during the morning
and evening peaks of human activities, mainly traffic. The
peaks are largest at 20 m, and appear attenuated and slightly
delayed at the higher sampling levels. The morning peak is
sharper, as it starts during the time when the vertical mixing
is poor, and it terminates abruptly at the morning onset of
the vertical mixing. The afternoon peak starts while the ver-
tical mixing is still relatively strong, thus the mole fraction
increases are slower.
There is an obvious difference between the weekday and
weekend diurnal cycles of H2 and CO, as similarly observed
at other polluted sites by e.g. Steinbacher et al. (2007) and
Yver et al. (2009). Although attenuated, the difference be-
tween weekday and weekend appears at higher sampling
heights as well, suggesting that this is not only local, but a
larger scale effect. As expected, no significant difference be-
tween weekday and weekend is observed in the 222Rn diurnal
cycles.
The morning peak is largest during weekdays, and it at-
tenuates on Saturday and further on Sunday. The attenuation
appears to be larger for CO, which on Sunday morning has
an inflexion point, but no significant mole fraction increase
at the lowest sampling height.
The H2 evening peak decreases from weekdays to Satur-
day and Sunday, and it is slightly delayed during the week-
end. In contrast, the CO evening peak has an increasing
tendency during weekend, when compared to the afternoon
dip level. A similar feature can be observed in Yver et
al. (2009), in their Fig. 6, with a CO evening peak increas-
ing during weekend, while H2 evening peak showed no in-
crease. We propose the following explanation. During week-
end, the evening and night traffic increases, but (unlike dur-
ing working days) there are no afternoon commuter traffic
jams, which leads to a more fluent driving regime. H2/CO
ratios are higher during jammed rush hours, when the fre-
quent acceleration leads to an increase in H2 emissions due
to an altered combustion chemistry in fuel-rich and oxygen-
deficient conditions, and to a poorer catalytic removal of H2
(Vollmer et al., 2007, 2010). Traffic jams occur regularly dur-
ing working days on the Dutch main roads, especially in the
Utrecht area which is not far from our site. The H2/CO ratios
during weekdays are therefore affected by larger H2 emis-
sions relative to CO during rush hours, while the weekend
ratios, with lower H2 relative to CO, are more representative
for fluent traffic conditions (see also Sect. 4.6). Note that the
larger CO evening peak during weekend does not necessar-
ily imply larger emissions; the weekend evening peak occurs
later, when the atmospheric mixing is lower, thus the larger
increase in mole fractions is probably due to weaker vertical
dilution.
The afternoon dip in both H2 and CO is mainly due to
vertical mixing, although the decrease in emissions after the
morning peak contributes as well. As also observed by Stein-
bacher et al. (2007), the CO afternoon minimum at 20 m sam-
pling height is more pronounced than the night time min-
imum, whereas for H2 the two minima have approximately
the same level. The reason is that both CO minima are mainly
due to dilution by cleaner air from the free troposphere, and
this dilution is much stronger during day. The H2 night time
minimum has in addition a contribution from soil uptake,
which further decreases the mole fraction to a level compa-
rable to that of the afternoon minimum.
4.5 H2 soil sink
222Rn is a natural radioactive noble gas with a half-life time
of 3.8 days, which is exhaled continuously from the ground.
Its only non negligible sink mechanism is radioactive decay.
This makes 222Rn a good tracer for atmospheric transport
and evaluation of the extent to which an air parcel has been
in contact with the soil in the past few days.
The radon tracer method was first proposed by
Levin (1984), and it has since been used to determine fluxes
of various trace gases at local to continental scale (e.g. Bi-
raud et al., 2000; Gaundry et al., 1990; Levin et al., 1999;
Messager et al., 2008; Schmidt et al., 2001, 2003; Wilson et
al., 1997). The concept is comprehensively described in e.g.
Schmidt et al. (2001), and Hammer and Levin (2009) (also
Levin, 1984, in German). In essence, the method uses the
correlation, during stable atmospheric conditions, between
variations in concentration of 222Rn and of the trace gas of
interest. Based on this correlation, and assuming that the flux
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of 222Rn is known and constant, it is possible to compute the
net flux of the trace gas studied.
Several recent studies employed the radon tracer method
to determine the night time H2 soil uptake rates at differ-
ent European locations: Heidelberg, Germany (Hammer and
Levin, 2009), Gif-sur-Yvette, France (Yver et al., 2009),
Helsinki and Pallas, Finland (Lallo et al., 2009a, b). The
reasoning for using the radon tracer method to infer the soil
uptake of H2 is as follows. During the nights with stable
atmospheric conditions, 222Rn that is emitted by soil at a rel-
atively constant rate will accumulate in the boundary layer.
For H2, the only significant sink during night is soil uptake.
If the concurrent H2 emission is smaller than the absolute
value of the soil uptake flux, H2 levels in the boundary layer
will decrease. The net flux of H2 can be computed from the
observed ratio of the variations in H2 and 222Rn concentra-
tions, using the equation:
FH2 =FRn
1CH2
1CRn
(2)
where FH2 is the net flux of H2 into the boundary layer; FRn
is the net flux of 222Rn; and 1CH2 and 1CRn are the mea-
sured variations in concentration of H2 and 222Rn. FRn in-
cludes the 222Rn emission from soil and the loss by radioac-
tive decay, and it can be computed as follows:
FRn=FRn soil+FRn decay=FRn soil
1− λ
1CRn
∫
1t
CRn(t) dt
(3)
In the equation above, λ is the decay constant of 222Rn,
CRn is the instantaneous 222Rn concentration, and 1t is the
time interval considered for calculation.
The method can only be applied when a stable nocturnal
boundary layer is formed, as in that case the exchange be-
tween the boundary layer and the layer above it can be con-
sidered negligible.
In order to infer the H2 soil uptake in the influence area
of Cabauw tall tower station using the radon tracer method,
we proceeded as follows. First, we selected all nights when
simultaneous H2 depletion and 222Rn increase could be ob-
served at the 20 m sampling height. From these, only the
nights when the H2 mole fraction at 20 m decreased below
the H2 mole fraction at the higher sampling heights were con-
sidered.
As discussed by e.g. Moxley and Cape (1997), it is im-
portant that the mole fraction at the start of the decline is
typical for the background, and declines below this level at
night, otherwise a decrease in emission could be erroneously
interpreted as soil sink. We paid therefore special attention
to exclude those situations when the H2 was decreasing to-
wards the background value after an evening pollution event,
and the synoptic variations.
Based on these criteria, 84 nights were selected from the
whole measurement series. For each of the selected nights,
the exact time interval was chosen after careful visual inspec-
tion. For these periods we computed the H2:222Rn ratio, as a
slope of a linear least square fit that minimizes the residuals
on both x and y axes, taking into account the assigned uncer-
tainties for both x (H2) and y (222Rn) (York et al., 2004). For
H2 data we assigned a constant error of 1.5 ppb, based on the
repeatability of the Target measurement during the period of
interest. For 222Rn data we assigned a constant relative er-
ror of 4 %, based on the average standard deviation of the
half-hourly counts. We assumed a constant 222Rn soil flux
of 0.29± 0.1 atom/(cm2s) (16± 5 Bq/(m2h)), which is the
average for the Netherlands for the year 2006 as reported by
Szegvary et al. (2007a). The correction for the radioactive
decay of 222Rn was made according to Eq. (3), and the H2
flux was computed using Eq. (2).
For 18 of the selected nights a correction for concurrent
anthropogenic emissions was applied, based on the parallel
CO measurements. During these nights, CO was increasing,
indicating that the emissions were significant. The CO flux
was computed using the radon tracer method, and a correc-
tion for the H2 soil flux was computed by scaling the CO flux
with a factor of 0.5 mol:mol. For the CO data we assigned a
constant error of 1.5 ppb.
The estimated errors represent the result of combined
222Rn flux error with the individual slope errors and with the
error resulted from the correction for concurrent emissions.
A final check was performed, eliminating the nights which
did not fulfill the following conditions: (1) the Pearson cor-
relation coefficient r of the H2 and 222Rn data (in absolute
value) at least 0.5; (2) the relative error of the H2:222Rn slope
smaller than 25 % (3) the H2 range minimum 2 ppb; (4) the
222Rn range minimum 0.1 Bq/m3; (5) at least 4 half-hourly
data points for both H2 and 222Rn; (6) the combined H2 soil
flux error smaller than 2× 10−5 g/(m2h). A number of 66
nights remained after this final selection.
The H2 soil flux results are presented in Fig. 8. There were
no deposition events that passed the selection criteria during
winter, and there are only a few data points in 2008. This
is due to the high atmospheric instability in the Netherlands,
and to the high anthropogenic emissions which most of the
time dominate the net flux of H2.
Some structure can be observed, for example an increasing
tendency in May–June 2009, and a decrease in flux in autumn
2009. Although this is consistent with a seasonal variation of
the soil uptake, which has been observed before at other sam-
pling sites (e.g. Hammer and Levin, 2009; Lallo et al., 2008;
Yver et al., 2009), it is obvious that we cannot draw a strong
conclusion based on this dataset. This variation may as well
be a short term feature, related to the weather conditions dur-
ing the respective months.
The average H2 flux is (−1.89± 0.26)× 10−5 g/(m2 h)
(the ± values through the paper are the 95 % confi-
dence intervals for the mean); as the distribution is
asymmetrical, the median is probably more informative
(−1.59× 10−5 g/(m2 h)). The corresponding deposition
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Fig. 8. H2 soil deposition flux calculated with the 222Rn tracer method for selected deposition events.
velocity average is (11.4± 1.54)× 10−3 cm/s (the median is
9.8× 10−3 cm/s). Note that these results cannot be viewed
as annual averages, since there are no data during the cold
months when the soil uptake is likely to be smaller.
The mean H2 deposition flux (and the resulting depo-
sition velocity) we obtained is significantly smaller than
most other results from European sites recently reported
in literature. Yver et al. (2009) found an average flux of
−4.26× 10−5 g/(m2 h) at Gif-sur-Yvette, a rural site near
Paris. Hammer and Levin (2009) and Schmidt et al. (2009)
reported flux values of −4.6 g/(m2 h) and an annual mean
deposition velocity of about 30× 10−3 cm/s at Heidelberg,
Germany. Lallo et al. (2008, 2009a, b) studied the H2 soil
uptake at several sites in Finland and found the H2 deposi-
tion velocity ranging mainly between 10 and 60× 10−3 cm/s
with a significant seasonality. Steinbacher et al. (2007) found
a range of 5–10× 10−3 cm/s near Zurich in Switzerland, and
Grant et al. (2010a) computed from only winter time data an
average of 22× 10−3 cm/s from Bristol, UK.
There are two main factors that could have potentially con-
tributed to the small H2 fluxes we obtained. First, it is likely
that the soil uptake in the Cabauw area is indeed smaller than
in other areas in Europe. The soil at Cabauw is peat, and
the water content is relatively high. Previous studies found a
decrease of the H2 uptake with the increase in soil moisture
above 20–30 % whc (Conrad and Seiler, 1981; Go¨dde et al.,
2000; Smith-Downey et al., 2006).
Second, the 222Rn flux from Szegvary et al. (2007a) for
the Netherlands of 0.29 atom/(cm2s) is very small compared
to other countries in the area. Also, this flux was computed
for the year 2006 and does not account for interannual vari-
ability. Moreover, the short term variability of 222Rn emis-
sions can be large (see Szegvary et al., 2007b, Fig. 3, where
the variation over few weeks during summer was approxi-
mately between 20 and 100 Bq/(m2 h)). The 222Rn flux de-
pends on the soil moisture (Szegvary et al., 2007b, and ref-
erences therein), being higher under dry conditions. As we
chose only stable nights, which are drier than the average, the
real 222Rn flux during these nights is probably higher than the
average. For these reasons, we suspect that the average value
of 0.29 atom/(cm2 s) is an underestimation of the real 222Rn
flux during the intervals selected for our calculation, which
leads to an underestimation of the H2 soil uptake fluxes.
This is supported by a simple 222Rn flux estimation we
made based on the in-situ 222Rn measurements. After a
well mixed afternoon situation, the vertical mixing decreases
during stable nights, and 222Rn accumulates in the shallow
boundary layer. In such cases, we observe an increase in
222Rn concentrations at 20 m, while there is no increase (or
even a slight decrease) at 200 m. In order to compute the
222Rn flux, we assume that no 222Rn is transported above
the 20 m level, and that the layer between 0 and 20 m is
uniform (both assumptions will lead to an underestimation
of 222Rn flux). If the accumulation time is 8 h, and 222Rn
reaches at the end of this time a value of 8 Bq/m3 (which is
typical during stable nights, but not the maximum), then the
222Rn flux required is 0.36 atom/(cm2 s) (or 20 Bq/(m2 h)).
This is a lower limit value, because in fact some of the emit-
ted 222Rn is certainly transported above the 20 m height, and
because the concentration near ground is higher than at 20 m.
Even with these limitations, the 222Rn flux calculated for in-
dividual nights is up to 0.6 atom/(cm2 s). Although this is
a simplistic approach, it shows that the 222Rn fluxes in the
Cabauw area can be in certain conditions significantly higher
than the average value of 0.29 atom/(cm2 s) given by Szeg-
vary et al. (2007a).
In summary, because the value used for the 222Rn flux
likely leads to an underestimation of the H2 soil flux, we
think that our results could represent a lower limit of the
real H2 soil uptake flux in the region. It would be useful to
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Fig. 9. Molar H2/CO ratios from morning rush hour data. For comparison, the data before and after the H2 soil uptake correction are shown.
compare direct soil flux measurements from chambers with
results derived from the tall tower data.
4.6 H2/CO ratios from traffic emissions
In order to derive the H2/CO ratios specific to traffic emis-
sions, we followed an approach similar to Hammer et
al. (2009) and Yver et al. (2009), adapted to the particulari-
ties of our site and data.
Because the traffic peaks depend on local time (while our
measurement system uses GMT), we considered the time in-
tervals 04:00 to 06:30 GMT during summer (equivalent to
06:00–08:30 local time) and 05:00 to 07:30 GMT during
winter (06:00–08:30 local time). We selected the mornings
with monotonous increase in H2, CO and 222Rn at 20 m sam-
pling height during this interval. From these, we only chose
those mornings when the presence of significant vertical gra-
dients in 222Rn (between 20 m and 200 m) showed that the
vertical mixing is weak. This second selection is necessary
in order to exclude large scale synoptic events like frontal
system passages. For each of the selected mornings we com-
puted the H2/CO ratio by a least squares fit, as described in
Sect. 4.5. The results were then filtered using the follow-
ing criteria: (1) the correlation coefficient r had to be larger
than 0.8; (2) the absolute slope error had to be smaller than
0.15 mol:mol, and the relative slope error smaller than 40 %;
(3) the increase in CO and H2 had to be larger than 10 ppb
respectively 5 ppb.
The H2/CO ratios we obtained for the 85 mornings that
passed these criteria are shown in Fig. 9. The mean H2/CO
ratio is 0.54± 0.07 mol:mol, with a standard deviation of
0.32 mol:mol and a median of 0.45 mol:mol.
We computed for comparison the H2/CO ratio for the
morning peak of the average diurnal cycle (see Fig. 7). If
we only consider the working days data and the 20 m sam-
pling height, we obtain a H2/CO ratio of 0.46 over the time
interval 04:00–06:30, which is comparable with the discrete
results presented above.
Our results for the traffic H2/CO ratio are higher and more
variable than some of the previously reported results of simi-
lar calculations in Europe. For example, the results of Stein-
bacher et al. (2007) and Yver et al. (2009) from Du¨bendorf,
Switzerland, and Gif-sur-Yvette, France, are very similar
to each other (0.33 mol:mol), but different from our results;
Hammer et al. (2009) observed H2/CO ratios of 0.40 mol:mol
at Heidelberg. Although we found some values around 0.3–
04 mol:mol, this seems to be the lower limit of the range,
and about 40 % of our results are higher than 0.5 mol:mol.
Grant et al. (2010a), on the other hand, reported H2/CO ra-
tios as high as 0.57 for the morning traffic peaks (and 0.53
for all data) using winter time measurements at an urban site
in UK.
Hammer et al. (2009) showed that directly measured
H2/CO ratios are not fully representative for the traffic emis-
sions, unless corrected for the concurrent soil fluxes of CO
and H2. At our site, however, the 20 m sampling level can
be, in the early morning when the vertical mixing is mini-
mal, above the local mixed layer. Even in these conditions
we observe traffic signals, horizontally transported from sur-
rounding areas with high traffic, where the atmospheric tur-
bulence is enhanced and the influence of the soil uptake is
insignificant. It is thus possible to sample air masses that
were strongly influenced by traffic emissions but little af-
fected by soil uptake. We consider therefore the soil cor-
rection at Cabauw less meaningful than at the sites where it
was previously applied by Hammer et al. (2009) and Yver et
al. (2009).
Keeping the above in mind, we applied a correction for
the soil sink to our results, as an exercise and for comparison
with previous studies. We used a method similar to the
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Fig. 10. H2/CO ratios of large scale pollution events, for the four sampling heights. Overlapped are the ratios of the morning traffic peaks,
for comparison. The results are not corrected for the concurrent soil uptake.
one of Hammer et al. (2009) and Yver et al. (2009). We
considered the soil uptake of CO negligible, and for the
H2 soil flux we used the values estimated in Sect. 4.5, of
(−1.89± 0.26)× 10−5 g/(m2 h) during the warm season and
an arbitrary value of (−1± 0.26)× 10−5 g/(m2 h) during the
cold season. The CO traffic flux (approximately equal to the
total flux) was computed applying the radon tracer method
to the individual selected morning intervals. The corrected
H2/CO ratios (grey markers in Fig. 9) yield an average of
0.63± 0.27 mol:mol, with a median of 0.54, thus the soil
correction increased the H2/CO ratios by about 18 %. We
consider that the corrected values show the upper boundary
of the real H2/CO ratios specific to the local traffic, while the
uncorrected results show the lower boundary.
Previous recent results reported in Europe, computed in
a similar manner and corrected for the H2 soil sink, are:
0.46± 0.7 (Hammer et al., 2009) and 0.47± 0.08 (Yver et
al., 2009). Vollmer et al. (2007) measured emission ratios in
a highway tunnel near Zu¨rich, and obtained a mean H2/CO
ratio of 0.48± 0.12; in this case the correction for the H2 soil
sink was not necessary. Our results are (as expected from the
uncorrected results) larger than these other estimates.
Vollmer et al. (2010) studied emissions from a passenger
car engine, and showed that the absolute quantities of H2 and
CO emitted, and the H2/CO ratio depend on the operational
regime. They found that exhaust H2 concentrations (after
catalyst) decrease below the atmospheric H2 concentrations
in fuel lean functioning conditions; if this is the general rule,
then fluent traffic should not have a large impact on the atmo-
spheric H2 mole fractions (while still affecting atmospheric
CO). It follows that the large H2 mole fraction increases ob-
served during morning rush hours are mainly due to engines
operating in fuel-rich combustion conditions, which, accord-
ing to the same study, emit much larger quantities of H2 and
CO, and, depending on the air-fuel ratio, potentially higher
H2/CO ratios of up to 1.5. As mentioned above, traffic con-
gestions are common in the Netherlands especially during
rush hours. This supports our conclusion that the driving
regime, which is slow and irregular during the rush hours,
is the main explanation for the high H2/CO ratios.
4.7 H2/CO ratios from pollution events
Besides H2/CO ratios from traffic emissions, we investigated
the ratios in large scale pollution events. We selected for
this a number of large pollution events that start from mole
fractions close to the baseline, that cover at least 24 h and
for which the preliminary visual inspection indicates a good
correlation between H2 and CO. We computed, separately
for the four sampling heights, the H2/CO ratios as slopes of
a least squares fit, similarly to the ratios for the traffic peaks
described before (fitting method described in Sect. 4.5).
After computing the H2/CO slopes, we removed the ones
for which the H2/CO correlation was lower than 0.7 or the er-
ror of the computed slopes was larger than 0.1. The remain-
ing 13 events are all during winter (Fig. 10). This reflects the
fact that H2 and CO are, during summer, well correlated on
short term (like during evening and morning traffic pollution
peaks) but the correlation decreases for intervals longer than
several hours, due to soil uptake of H2 and stronger atmo-
spheric mixing.
The resulting H2/CO ratios tend to be larger at higher
sampling heights (probably due to a stronger soil sink in-
fluence near ground), but this is not a strict rule, and the
variation with sampling height is not monotonous. The
mean H2/CO ratios for the sampling heights of 20, 60, 120
and 200 m are: 0.36± 0.05, 0.37± 0.04, 0.40± 0.06, and
0.37± 0.07 mol:mol. It can be seen that on average, both
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the H2/CO ratio and the spread of the results increase with
sampling height.
The H2/CO ratios for the large scale pollution events are
on average lower than the ratios for the traffic peaks; they are
also less variable, somewhat surprisingly as they are from a
combination of different sources and influence areas. The
lower variability of H2/CO ratios during large scale events
is probably more representative for the integrated regional to
continental emissions, and suggests that the large spread we
found in the case of traffic emission ratios is a smaller scale
feature related to the local traffic conditions.
The values we found for the lowest sampling height, of
0.36± 0.05 mol:mol, are close to other results from conti-
nental Europe; e.g. Hammer et al. (2009) obtained an average
of 0.31± 0.05 mol:mol for synoptic events, and Steinbacher
et al. (2007) computed an overall ratio of 0.33 mol:mol.
5 Summary and concluding remarks
Atmospheric H2 has been measured at the tall tower Cabauw
since September 2007. H2 is measured in air alternately sam-
pled from four heights of the tower, between 20 and 200 m,
in parallel with other trace gas species: CO, CO2, CH4, N2O
and SF6. 222Rn measurements are performed in air sampled
at 20 and 200 m. The long term precision of the RGA mea-
surement, estimated from the repeatability of a Target cylin-
der measurement, is about 3.5 ppb for both H2 and CO.
From three years of data, we were able to determine
systematic features and variability patterns on various time
scales. Seasonal cycles are present in both H2 and CO time
series, and their amplitudes vary with the sampling height.
The short term variability is also changing with season; larger
variability during winter is explained by seasonality of the at-
mospheric transport and, in the case of CO, also by seasonal
variations in the atmospheric lifetime, controlled by the OH
radical concentration.
Unlike most other trace gases, H2 has in this area both
the main source and the main sink near ground level. This
causes specific features of the short term signals and of the
vertical gradients. During short term pollution events, like
the evening and morning peaks due to traffic emissions, H2
vertical gradients and the variations in mole fraction are
strongly correlated to the ones of CO. Outside these short
intervals with intense emissions, H2 variations in mole frac-
tions are not always associated to similar variations in CO
mole fractions. Unexpected large H2 signals have been ob-
served, typically at the higher sampling levels, for which
CO showed much smaller or even no increases; the origin
of these signals is unclear.
The H2 soil sink plays an important role in determining the
atmospheric H2 mole fractions. The local soil sink is respon-
sible for the H2 depletion near ground during stable nights,
associated with a reversed H2 vertical gradient compared to
CO. Vertical gradients of H2 with slightly higher mole frac-
tions at highest sampling levels can be observed also during
less stable atmospheric conditions, when the air masses re-
ceive influences from a wider area; these vertical gradients
can probably also be explained by soil uptake, but on a much
larger spatial scale than the nocturnal depletions.
We estimated the H2 soil sink flux in the footprint of the
20 m sampling level, using the radon tracer method simi-
larly to other recent studies in Europe. Due to the gen-
erally high atmospheric instability in the area, and to our
strict data selection criteria, we could only perform this
flux estimation for warm season nights, between April and
September. The average of all individual results obtained
is (−1.89± 0.26)× 10−5 g/(m2 h), significantly smaller than
other recent results from Europe. There are two possible
(partial) explanations for this difference. The soil character-
istics in the Cabauw area, together with the high water con-
tent can probably explain a somewhat smaller than average
soil uptake. Also, our result relies critically on the average
value of 222Rn flux for the Netherlands derived from Szeg-
vary et al. (2007a), which is significantly smaller than values
reported for other areas in Europe, and, being an annual av-
erage, might not represent well the real 222Rn fluxes during
the time of our estimation.
Diurnal cycles in atmospheric H2 and CO are due to a
combination of atmospheric vertical mixing and periodic-
ity in emissions. Both H2 and CO diurnal cycles show
evening and morning peaks associated to road traffic emis-
sions. Differences between weekdays, Saturdays and Sun-
days are clearly visible in the diurnal cycles of both species.
However the evolution over the week time of H2 and CO is
not identical, which points to different proportions of H2 and
CO emitted in various traffic conditions.
The H2/CO ratios for the morning traffic peaks are more
variable and on average higher than previous results from Eu-
rope. The difference can probably be explained by a different
driving regime, due to the frequent traffic jams in the influ-
ence area of Cabauw. In contrast, the H2/CO ratios of the
large scale pollution events are similar to results of previous
studies (e.g. Hammer et al., 2009; Steinbacher et al., 2007);
these ratios were observed to slightly increase with the sam-
pling height, possibly due to a stronger influence of soil up-
take at the lower sampling heights.
The highest sampling levels at Cabauw have a large aver-
age influence area, as estimated by Henne et al. (2010) and
further discussed by Vermeulen et al. (2011). Vermeulen
et al. (2011) show that the average influence area for the
200 m sampling level is roughly 500× 700 km around, cov-
ering large part of West Europe, while the 20 m sampling
level receives a relatively larger influence from local emis-
sions. The representativeness of particular results is however
dependent on the data selection and analysis method. For
example, depending on how we process the data, we can ex-
tract from our data series seasonal cycles representative for
the background air at the latitude of the Cabauw tall tower,
or for continental polluted air. The results for the H2 soil
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uptake and for the H2/CO ratios of the traffic emissions are
based on short term (several hours) signals at the lowest sam-
pling heights and thus are largely influenced by fluxes within
few tens of kilometers. On the other hand, the H2/CO ratios
for the larger pollution events are representative for a wider
area, which probably explains the closer similarity with re-
sults from other locations in Europe.
This data set represents the first in-situ, quasi-continuous,
long term measurement of vertical profiles of H2 in the lower
continental boundary layer. It provides a wealth of informa-
tion of sources, sinks and processes affecting atmospheric
H2. The mole fraction data coupled with inverse models
will be used to derive regional fluxes of H2. The location
in Western Europe is suitable for monitoring from the start
the effects of a large scale introduction of H2 as an energy
carrier; for this, the measurements have to be continued on
long term.
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